Abstract
155
Total internal reflection dark-field microscopy assays
156
For single-molecule tracking experiments, we used a custom-built total internal reflection dark-
Step size determination
168
The on-axis step sizes were determined by a t-test algorithm (31), for the y-displacement vs time 169 traces. Only the traces with a standard deviation of < 3 nm from the step plateau were chosen for 170 analysis. All reported step sizes are the mean ± standard deviation of a single Gaussian fit to the 171 forward steps.
described (33) . Hydrolysis rates at each microtubule concentration (GDP taxol-stabilized) were 177 estimated by a linear fit to steady-state absorbance decreases at 340 nm, as previously described 
180

RESULTS
181
PAKRP2 is a Processive Kinesin with a Long Neck Linker
182
PAKRP2 consists of an N-terminal motor domain followed by a neck linker, a coiled-coil central 183 stalk, and an uncharacterized C-terminal tail. Based on previous studies that show that the neck 184 linker is an important component of kinesin processivity (34) , and the fact that PAKRP2 is an 185 orphan kinesin (14, 35), we first wanted to determine if there were any structural divergences in 186 the neck linker region. Two coiled-coil prediction programs, COILs (36) and MARCOIL (37), both 187 placed the likely start of the alpha-7 helix between residues 394 and 407 ( Fig. 1 A and B) .
188
Examination of the sequence within that range places the first logical heptad repeat of the coiled-189 coil domain at residue 397, a hydrophobic methionine, followed by negatively charged aspartic 190 and glutamic acids (Fig. 1 C) . Thus, we conclude that the neck linker of PAKRP2 contains 32 191 residues, considerably longer than the neck linkers of other kinesins, which typically contain 14-
192
18 residues (38).
193
Several studies on kinesin-1 and kinesin-2 demonstrate that increasing the neck linker 194 length can lead to disruptions in the stepping mechanism, such as a decrease in run length or an 195 increase in futile ATP hydrolysis cycles (39) (40) (41) (42) . To determine whether PAKRP2 is a processive terminal GFP ( Fig. 2 A and B) . We used a single-molecule motility assay to visualize the toward microtubule plus-ends with a mean velocity of 65 ± 16 nm s -1 (mean ± SD, n = 271; Fig. 2 201 E) and a run length of 3.56 ± 0.27 µm (mean ± 95% CI, n = 271, Fig. 2 F) . The reported run 202 lengths and the associated error are the mean and 95% confidence intervals of the bootstrap 203 distribution. It is well established that nonprocessive kinesin motors can achieve processive 204 motility by clustering to form multi-motor ensembles (18, 21) . We thus performed single-molecule 205 photobleaching to determine the oligomerization of PAKRP2(FL). Similar to other dimeric kinesins
206
(18), PAKRP2(FL) was predominantly photobleached in one or two steps (Fig. S1, A and B) .
207
These results show that PAKRP2(FL) contains the ability to exhibit processive plus-end-directed 208 motility on single microtubules as a homodimer.
209
Some kinesins are known to achieve processive motility or to gain enhanced processivity 210 via non-motor microtubule-binding domains (22, 23, 43) . To test whether PAKRP2 processivity 211 depends on any domain beyond the head and neck linker domains, we made two additional 212 constructs: PAKRP2(560), a truncation of the full-length at residue 560, and PAKRP2(LZ), a 213 minimal dimer of PAKRP2 containing the motor domain and the neck linker and dimerized through 214 a leucine zipper (Fig. 3 A-C) . Single-molecule photobleaching experiments confirmed that F), and exhibited processive plus-end-directed motility on single microtubules (Fig. 3 D, 
217
Supplementary Movies 3 and 4). The velocities of PAKRP2(560) and PAKRP2(LZ) were within 218 error of PAKRP2(FL) (Fig. 3 E, Fig. S2 , A and C). Run lengths of PAKRP2(560) and PAKRP2(LZ)
219
were determined to be 3.35 ± 0.29 µm (n = 266, Fig. 3 E, Fig. S2 B) and 2.67 ± 0.25 µm (n = 333, 220 Fig. 3 E, Fig. S2 D) , respectively. While the PAKRP2(560) run length was within 5% of the wild type run length, the more significant decrease in run length of the PAKRP2(LZ) construct could Based on the knowledge that PAKRP2 is inherently processive despite having a long neck linker,
227
we next investigated its stepping behavior to determine whether and how it may differ from that 228 of kinesin-1. We attached a 30-nm gold particle to the C-terminus of PAKRP2(560) and observed 229 the center-of-mass motion via dark-field nanoparticle tracking (Fig. 4 A) (Fig. S3 ). It should also be noted that 233 the velocity of PAKRP2(560) without a conjugated gold nanoparticle on GDP microtubules was 234 36% slower than its velocity without a conjugated gold nanoparticle on GMPCPP microtubules 235 (Fig. S3 ). This suggests that PAKRP2(560) is sensitive to nucleotide-dependent structural 236 changes of the microtubule lattice (45), which has also been observed in the motility of kinesin-1 237 (46, 47) .
238
When imaged at high resolution, PAKRP2(560) appeared to take frequent and sequential 239 lateral steps both to the left and right (Fig. 4 B) . To rule out that this behavior was due to surface 240 binding of the gold nanoparticle or some other artifact of the assay, we used kinesin-1 with a gold 241 nanoparticle on the C-terminus as a control (K560AviC, Fig. 4 C) , since kinesin-1 has been 242 demonstrated to walk on single protofilament unless it is navigating a roadblock (48, 49). The 243 different lateral stepping characteristics of PAKRP2(560) with a gold nanoparticle on the C-244 terminus can be seen clearly when compared to K560AviC (Fig. 4 D) . To quantify the lateral 245 stepping behavior, a distribution of the lateral displacement per 40 nm of on-axis displacement 1. Interestingly, the respective means were -1.5 nm and 0.7 nm, indicating that neither motor has 250 a significant off-axis directional bias.
251
Canonical processive kinesins are known to take sequential 8-nm center-of-mass steps 
259
260
PAKRP2 Takes Intermediate Steps
261
To better understand the individual head dynamics during PAKRP2 stepping and to confirm the 262 small step size seen in the center-of-mass data, we attached the gold nanoparticle to one motor 263 domain (head) of PAKRP2(560) via an N-terminal Avi-tag (Fig. 5 A) . Similar to the center-of-mass 264 construct, the head-tagged motor stepped processively along the microtubule with clearly 265 observable steps (Fig. 5 B) . Using the t-test step-finding algorithm, we measured an average step 266 size of 7.6 ± 3.4 nm (mean ± SD, n = 230, Fig. 5 C) . This value is larger than the center-of-mass 
276
In order to resolve whether the PAKRP2 motor domains are taking 8.2-nm steps to 
283
correspond to a stepping rate of 4.9 s -1 and 4.1-nm steps correspond to a stepping rate of 9.8 s -284 1 . In the ATPase assay the kcat for a PAKRP2(560) dimer was 3.5 ± 0.6 ATP/s (Fig. 5 D) , which is 285 close to the rate for 8.2 nm center-of-mass steps ( 
288
This result also necessitates that PAKRP2 uses one ATP per step, despite having a long neck 289 linker, which is contrary to previous studies on kinesin-1 in which long neck linkers lead to 290 uncoupling of the ATPase from stepping (39, 42).
292
PAKRP2 Neck Linker Disrupts Kinesin-1 Stepping
293
The finding that PAKRP2 contains a long neck linker domain yet retains tight coupling 294 between its ATPase and stepping activities raises the possibility that sequence-specific structural confers tight coupling to other motors, we designed a kinesin-1 chimera, Kin1_NLswap, in which 297 the native 14 residue neck linker was replaced by the 32 residue PAKRP2 neck linker ( 
316
PAKRP2 Neck Linker Enhances Its Processivity
317
Given that the PAKRP2 neck linker greatly disrupts the stepping cycle of kinesin-1, it could also 318 negatively impact the stepping cycle of PAKRP2. To determine if the neck linker extension affects beyond the first fourteen amino acids in the sequence were deleted ( Fig. 6 A and S5 D). The
321
construct was also confirmed to be a homodimer (Fig. S5, E and F) . In contrast to the change in 322 velocity resulting from swapping the neck linker into Kinesin-1, shortening the PAKRP2 neck linker
323
did not affect the stepping rate. The velocity of PAKRP2_NL14 on GMPCPP microtubules was 324 determined to be 59 ± 19 nm s -1 (n = 168, Fig. 6 D) , within 10% of wild-type PAKRP2 (Fig. 2 E) .
325
Additionally, single-molecule motility assays showed that the neck-shortened motor maintains 326 processivity, but the run length is decreased to 1.96 ± 0.27 µm (n = 168, Fig. 6 
390
shortening the neck linker of PAKRP2, which presumably decreases the one-head-bound state,
391
resulted in reduced processivity (Fig. 6 E) .
392
Another example of a kinesin with an unusually long neck linker is Zen4, a member of the 393 kinesin-6 family that plays a role in microtubule organization during cytokinesis (69). The neck but does not prevent the motor from processively stepping along microtubules (71 
432
add to the developing model of kinesin stepping, wherein each motor steps in a way that is 433 optimized for its structure and role in the cell.
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